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Architecture of lead oxide microcrystals in glass: a
laser and etching based method

J. M. P. Almeida,* G. F. B. Almeida, A. C. Hernandes and C. R. Mendonça*

Lead oxide is an important glass modifier not only for affecting the chemical and mechanical stabilities of

glasses, but also for improving their thermal and optical properties. Since specific properties are associated

with the presence of PbO, its crystallization is important to enhance the material performance. Although

considerable advances have been achieved regarding the fabrication of glass-ceramic from lead-based

glasses, the spatial confinement of the crystallization remains challenging. Direct laser writing (DLW) has

been considered an essential technique to overcome this issue, since material properties can be changed

in localized and pre-determined regions. Although DLW with femtosecond laser pulses has been widely

used for glass processing, its usage for phase transformations and control of the architecture of crystals

has not been much exploited. This paper reports the design and control of β-PbO and 3PbO·H2O crystal-

line phases in a lead borate glass using fs-DLW followed by chemical etching at room temperature. We

demonstrated that the etching in aqueous KOH solution is responsible for the glass crystallization, whereas

the grooves produced by fs-laser pulses enable the selective crystallization in a pre-determined 2D pattern.

The method described herein is important as it can control phase transformation at the micrometer scale

and also permits the growth of lead oxide and lead oxide hydrate phases, which are not achieved by heat

treatment. The morphologies of these microcrystals correspond to the structure of the respective com-

pounds, being an octahedral euhedral crystal for 3PbO·H2O and thin sheets for β-PbO crystalline phases.

Introduction

Glassy materials that experience controlled crystallization,
usually achieved by a heating process in the presence of nu-
cleating agents, are named glass-ceramics. Due to the good
thermomechanical properties and biocompatibility, their ma-
jor applications are cookware and bone implants. Lately, the
control of the crystal size has enabled the development of
transparent glass-ceramics with an important role in optical
applications.1,2 Furthermore, new functionalities can be
reached if crystallization is spatially controlled, most of them
related to photonic devices. Nevertheless, using the conven-
tional heat treatment, crystallization occurs throughout the
whole sample, inhibiting selective growth in previously deter-
mined regions. Direct laser writing (DLW) techniques can
overcome this issue, since the material properties can be per-
manently changed with high spatial resolution. For instance,
femtosecond laser micromachining has been used to locally
modify the optical constants, morphology and oxidation
states of transparent materials.3,4 Although the production of
metallic nanoparticles and single-crystals has been demon-

strated in glass by DLW with a fs-laser,5,6 phase transforma-
tions have not been much exploited.

Glass-ceramics of pure or rare earth-doped B2O3–PbO
glasses have attracted special attention due to their poten-
tial applications in thermoluminescent dosimetry and solid-
state lasers.7,8 In addition, lead borate glass matrix owns
interesting nonlinear optical properties, being promising
materials for all-optical switching and optical limiting de-
vices.9 The optical nonlinearities of lead borate glasses are
directly related to the PbO content and its crystallization
could enhance the material response. Thus, the spatial con-
trol of surface crystallization of lead-based glasses is poten-
tially interesting for the development of nonlinear optical
microdevices.

In this study, we report the microcrystal architecture in a
borate glass with high-lead content using a combination of
DLW and chemical etching at room temperature. Whereas
the etching in an aqueous solution of KOH is responsible for
the crystallization of lead oxide and lead oxide hydrate
phases, the laser writing catalyzes and spatially localizes the
growth process in a 2D pattern. Octahedral and sheet-like
euhedral microcrystals have been obtained in the laser-
irradiated area. Because DLW was performed with femtosec-
ond laser pulses, the architecture of the crystals can be
achieved in submicrometric regions. In this case, material
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modification occurs only in the focal volume, where the laser
intensity is high enough to induce a nonlinear optical pro-
cess.4 The advantage of using laser processing followed by
chemical etching is not only its ability to control the crystal
architecture, but also the formation of glass-ceramics from
amorphous matrixes that do not crystallize by heat treatment,
as in the case of 50BO1.5–50PbO glass, investigated herein.

Materials and methods

We used anhydrous B2O3 (Alfa Aesar, 99.98%) and PbO (Alfa
Aesar, 99.99%) as raw materials to prepare the 50BO1.5–

50PbO glass (cat%), or 33.33B2O3–66.67PbO in mol%, by a
melting–quenching technique. Vitreous B2O3 was first melted
in a platinum crucible at 780 °C for 20 min. PbO was further
added, followed by its melt-homogenization for 25 min, and
quenching in a stainless-steel mold at 250 °C. The glass was
kept at this temperature for 22 h and slowly cooled to room
temperature for stress removal. Differential scanning calo-
rimetry (DSC) measurements showed that the glass transition
temperature (Tg) is 318 ± 2 °C and no crystalline phase was
formed up to the temperature of 1240 °C. Therefore, sample
crystallization is not achieved by heat treatment. The absorp-
tion edge wavelength of the sample is 395 nm (Egap = 3.14
eV), and there are no electronic transitions in the visible
spectrum. The characterization of the third-order optical non-
linearities, including the nonlinear index of refraction and
the two-photon absorption coefficient, was thoroughly
reported in ref. 9 for the wavelength range from 470–1550
nm.

In order to achieve the microcrystal architecture in
50BO1.5–50PbO glass, DLW was carried out with a femtosec-
ond laser (Ti:sapphire amplified system), operating at 775
nm, with pulses of 150 fs and a repetition rate of 1 kHz. The
optical setup is fully described in ref. 5 and basically consists
of a microscope objective lens (NA = 0.25 or 0.65) to focus
the beam on the sample surface and an xyz stage that moves
the sample perpendicularly to the beam at a scan speed of
100 μm s−1. The crystallization of the laser ablated regions is
achieved by chemical etching in an aqueous solution of KOH
(concentration ranging from 1 to 5 g L−1) for 3 minutes at
room temperature; such etching conditions were revealed to
be appropriate for the growth of crystals sized ∼6 μm. It is
worth pointing out that although the crystallization is spa-
tially controlled by the laser, it is a consequence of the chem-
ical etching.

Samples were characterized by: X-ray diffraction, using
Cu-Kα radiation (Rigaku) with 2θ angular scan from 20–70°
and steps of 0.02°; scanning electron microscopy (Hitachi
TM3000); micro-Raman spectroscopy (Witec, Alpha 300),
using a HeNe laser as an excitation source, with λ = 632.8 nm
and P = 8 mW, an objective lens of 100×, an integration time
of 4 s and a resolution of 3 cm−1; and Fourier transform in-
frared (FTIR) spectroscopy from crystallized samples dis-
persed in KBr wafers (Bruker-Vertex 70).

Results

To control the crystallization in pre-determined regions, the
glass sample surface was irradiated with a focused fs-laser
beam. Due to the high laser intensity provided by ultrashort
laser pulses and a tight focalization, DLW may lead to mate-
rial ablation. Fig. 1 shows the width of grooves, obtained by
fs-laser induced ablation, as a function of the laser pulse en-
ergy for four scan speeds, using an objective lens of NA =
0.65. By changing the scan speed and pulse energy, the width
of the grooves can be controlled in the range of 2–28 μm. Dif-
ferent from the ablation caused by long pulses, which is
dominated by thermal diffusion, at the ultrashort laser pulse
regime the thermal effects are minimized and multiphoton,
tunneling and avalanche ionizations are the main processes
related to material ablation.10 These interactions are ob-
served in transparent materials even with the ionization po-
tential or bandgap energy (Egap) greater than the photon en-
ergy, promoting electrons to the conduction band. When the
density of electrons in the conduction band reaches a critical
value, ablation takes place as a consequence of plasma for-
mation.11 The behaviour in Fig. 1 is usually described by the
logarithmic function L ≈ α−1 lnĲEa/Eth), where L is the abla-
tion width or depth, α−1 is the optical penetration depth and
Ea and Eth are the absorbed and threshold laser energies, re-
spectively. By fitting such a function to the data, represented
by the solid lines in Fig. 1, we determined a threshold energy
of Eth = 0.15 μJ (or Fth = 4.8 J cm−2; Ith = 32 TW cm−2, assum-
ing w0 = 1 μm and τ = 150 fs), which corresponds to the mini-
mal pulse energy needed to cause material modification.

Grooves sized approximately 5 μm were produced using
twice the threshold energy and then subjected to chemical
etching ([1 g L−1]/3 min). Fig. 2 shows the micromachined
grooves before (a) and after the etching (b), clearly demon-
strating the effect of aqueous KOH solution in the ablated re-
gions. As one can note, the irradiated lines became

Fig. 1 Width of ablated grooves on the surface of 50BO1.5–50PbO
glass as a function of the pulse energy, for scan speeds ranging from
50–500 μs, using an objective lens of NA = 0.65. The solid lines
represent the fit obtained with the equation given in the text. The
threshold energy for material modification is 0.15 μJ.
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crystalline as a consequence of the chemical etching, and two
morphologies are observed: octahedral and sheet-like crys-
tals. Differences seen on two consecutive lines in Fig. 2 are
due to a mechanical problem in the translational stages,
which displace the sample surface regarding the beam focus
causing minor variation on the groove size. Fig. 3 (curve 1)
displays the X-ray diffraction (XRD) pattern of the ∼0.5 cm2

area that was subjected to the previous experimental condi-
tions, i.e. fs-laser irradiation and further chemical etching
([1 g L−1]/3 min), along with a non-irradiated sample, but
etched for 4 h in a [1 g L−1] KOH solution (curve 2).

Both diffractograms contain orthorhombic – PbO (β-PbO
or massicot) and tetragonal – 3PbO·H2O crystalline phases,
indexed to JCPDS files #38-1477 and #22-1134, respectively.
The broad halos in the diffractogram of curve 1 arise from
the amorphous region of the sample between consecutive
lines, since only the ablated lines have been crystallized,
whereas the procedure without fs-laser micromachining

(curve 2) results in the crystallization of the whole surface. Al-
though it has been reported that laser exposure can result in
phase transition,12 the crystallization of non-irradiated sam-
ples can also be achieved by KOH etching, but not under the
same conditions used in the irradiated sample. For instance,
no significant crystallization was observed when a non-
irradiated sample was etched in KOH [1 g L−1] for 3 min,
whereas partial crystallization was achieved, for the same
etching concentration, after 30 minutes and complete surface
crystallization was achieved after 4 h.

In order to associate each one of the morphologies, octa-
hedron and sheet, with the respective crystalline phase,
micro-Raman measurements were performed, as shown in
Fig. 4. The Raman spectrum of the octahedral crystals pre-
sents five sharp peaks: at 160(s), 205(w), 366(m), 428(vw)
and 482(vw) cm−1, and a band at ∼790 cm−1, while only
two peaks are obtained for the sheet morphology, at
287(vs) and 380(w) cm−1. Indexation of the Raman peaks is
displayed in Table 1. The FTIR spectrum of the crystallized
sample is shown in the inset of Fig. 4 in order to demon-
strate the presence of water molecules and hydroxyl groups
through the vibrations at 1652 and 3340 cm−1, respectively.
The vibrational spectra in Fig. 4 are in agreement with the
XRD data, in which 3PbO·H2O and β-PbO phases were de-
termined and correspond respectively to the octahedral and
sheet-like crystals.

Discussion

Lead compounds have been extensively used in the glass in-
dustry to obtain low-melting temperature and high refractive
index glasses. In addition, technological interest in nonlinear
photonics has stimulated the synthesis of Pb-based quantum
dots in glassy systems.13 There are a number of studies on
the crystallization process of lead-based glass motivated by

Fig. 2 Scanning electron microscopy (SEM) images of the glass
surface: a) micromachined using Ep = 0.3 μJ and 100 μm s−1 and b)
after its chemical etching in [1 g L−1] aqueous KOH solution for 3 min,
which results in groove crystallization.

Fig. 3 X-ray diffraction patterns of 50BO1.5–50PbO glass after (1) fs-
laser irradiation and further chemical etching using [1 g L−1] aqueous
KOH solution for 3 min; and (2) only chemical etching using [1 g L−1]
KOH solution for 4 h, without laser irradiation. Both diffractograms
contain β-PbO and 3PbO·H2O crystalline phases.

Fig. 4 Raman spectra of the crystals with octahedral and sheet
morphologies, which correspond to 3PbO·H2O and β-PbO phases, re-
spectively. Excitation was carried out at 514 nm. The inset displays the
FTIR spectrum of a crystallized sample dispersed in KBr wafers to dem-
onstrate the presence of HOH and OH vibrations.
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the production of glass-ceramics with low-melting tempera-
ture and high dielectric permittivity.14 In such investigations,
the precipitation of lead metaborate, lead silicate and lead ti-
tanate crystallites is usual; however the crystallization of lead
monoxide itself has not been achieved. Although lead oxide
compounds are widely studied, very few reports are available
for the crystalline phases identified therein. Lead monoxide
has two polymorphic forms: i) litharge or red lead (α-PbO)
with a tetragonal crystal system, being the most stable struc-
ture; and ii) massicot, also called yellow lead or β-PbO, which
is orthorhombic. In both polymorphs, Pb2+ ions are pyrami-
dally coordinated by oxygen atoms arranged in a layered
structure that is stabilized by non-bonding pairs of valence
electrons, usually forming crystals in the shape of plates.

Particularly, the structure of massicot is represented by a
zigzag chain of 2 [PbO] units repeated parallel to the b axis of
the cell and layers of these chains stacked along the a axis,
as illustrated in ref. 17 and 18. β-PbO owns twelve Raman active
modes, represented by 4B1g, 2B2g, 2B3g and 2Ag, which are all in
phase deformation. Adams and Stevens reported 11 Raman
peaks in the experimental spectrum, some of them could be
only observed at low temperatures.17 This spectrum featured
the two strongest peaks at 144 and 289 cm−1, in which the
former one is not supposed to be fundamental and not seen
for the β-PbO crystals obtained herein. Vigouroux et al. attrib-
uted this peak (144 cm−1) to an interlayer movement involving
the Pb2+ cations that vibrate perpendicularly to the layers.19

Thus, the absence of this vibration in our spectrum might be
associated with the thin thickness of the crystal, and there-
fore a small amount of layers. Although there are differences
between irreducible representations (mainly between ref. 17
and 19), the observed peaks at 287 and 380 cm−1 are usually
described by Ag and B1g modes, respectively, and correspond
to the displacement of oxygen atoms. Raman spectra, XRD
pattern and SEM analyses demonstrate that the sheet-like
crystals correspond to the β-PbO phase and its morphology
represents the layered structure of lead monoxide.

Similarly, the morphology of octahedral crystals in Fig. 2b
matches with the structure of the 3PbO·H2O phase. The basic
structural unit of lead oxide hydrate is described by an octa-
hedron of lead atoms with all eight triangular faces
containing an oxygen atom at their centres, giving cubes of
oxygen atoms.15,20,21 The indexation of 3PbO·H2O was care-
fully done due to its similarity with lead-hydroxy complex
ions, such as Pb3O2(OH)2. The discrimination between water
molecules and hydroxyl groups in such compounds is diffi-
cult to achieve because the XRD pattern is dominated by the
diffraction of lead atoms.20 Also, the scarce literature pre-
sents controversial discussions on the description of the
structural formula.20–22 However, spectroscopic measure-
ments have been shown to be a suitable tool for the identifi-
cation of hydroxyls and molecular water.20,22 FTIR spectro-
scopy was carried out, and we found the ν2 bending vibration
of HOH bonds at 1652 cm−1, which is a fingerprint of molec-
ular water, supporting that the crystalline phase corresponds
to lead oxide hydrate instead of lead oxide hydroxide. In addi-
tion, the infrared vibrations at 485, 685 and 1384 cm−1 (inset
of Fig. 4) were observed in ref. 23 which studied the hydrated
forms of lead oxide. Also, the Raman spectrum in Fig. 4 (octa-
hedron) is in agreement with that reported by Cram and Da-
vies, who described 2A1g, 2Eg, 3T2g Raman active modes of
3PbO·H2O.

15 The region 70–200 cm−1 corresponds to metal–
metal stretching and vibrations within ∼200–450 cm−1 are
due to metal–oxygen interactions, as presented in Table 1.
The spectrum obtained here (Fig. 4) presents a weak peak
and a broad band at 482 and ∼790 cm−1, respectively, not
displayed in ref. 15.

It is known that the reaction of lead salts, such as acetate,
perchlorate and nitrate, with alkaline solutions results in the
formation of lead oxide, as well as lead oxide hydroxide/hy-
drated compounds.24–26 Independent of the laser ablation ef-
fect, the crystallization of 50BO1.5–50PbO glass is explained
based on the lixiviation of the borate matrix by the aqueous
KOH solution, resulting in the increase of the concentration
of lead-based structural units and lead ions, which subse-
quently crystallize as lead oxide hydrate and lead oxide. We
suppose that the chemical process is accomplished by the
formation of boric acid in solution besides the 3PbO·H2O
and β-PbO crystalline phases, as described by:

at room temperature, where O and H atoms are not
balanced.

Femtosecond laser micromachined grooves enable
euhedral crystals to be obtained, octahedron and sheet,
whose morphology corresponds to the structure of 3PbO·H2O
and β-PbO phases, respectively. Because the size of the laser
ablated lines can be controlled in the range of 2–28 μm (see
Fig. 1), such grooves act as micro-reactors for crystal nucle-
ation and growth,27 since a supersaturated solution of lead
ions is confined in these regions due to the increase of

Table 1 Attributions of the Raman peaks of lead oxide (β-PbO) and lead
oxide hydrate (3PbO·H2O) crystalline phases associated with sheet and
octahedral morphologies

Peak position (cm−1) Raman signature Ref.

Octahedron (3PbO·H2O)
160vs Pb–Pb stretching 15
205w Unassigned 15
366s Pb–O stretching 15
428w Pb–O stretching 15
482w This work
790w This work
Sheet (β-PbO)
287vs Motion of O atoms (Ag mode) 16 and 17
380w Motion of O atoms (B1g mode) 16 and 17
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lixiviation rate. Thus, direct laser writing followed by chemical
etching allows not only space-selective crystallization, but also
production of isolated microcrystals, as illustrated in Fig. 5.

Even though both phases are concomitants, we noted a
predominant accumulation of 3PbO·H2O octahedra within
shallow ablated lines, indicating that the crystallization of
this phase occurs in the initial stages of nucleation and
growth. In fact, shallow lines present more octahedra than
deeper lines, which frequently display more of the two mor-
phologies. Thus by keeping the etching conditions and
slightly changing the focus position it is possible to grow
more octahedral crystals, as shown in Fig. 5. Additionally, by
manipulating the chemical etching it is possible to select the
crystalline phases, since it has been demonstrated that silica
inhibits the formation of anhydrous lead oxide and favors
the hydrated one.24 Also, we found out that by using HCl in-
stead of aqueous KOH solution, the laser and etching pro-
cesses enable the growth and control of PbCl2 crystallites,
with a needle-like morphology (results not shown). Such fea-
tures demonstrate the versatility of this laser and etching
based method to explore other glassy matrixes aiming at con-
trolling the architecture of several crystalline phases. It is
worth pointing out that the 50BO1.5–50PbO glass investigated
herein does not crystallize via heat treatment, avoiding the
preparation of glass ceramics using traditional methods.
Moreover, the crystallization of PbB4O7, Pb5B8O17 and
Pb6B10O21 phases in B2O3–PbO binary glasses is common,8,28

therefore we believe that this is the first report on the controlled
crystallization of boron-free phases in such a glassy system.

It is worth emphasizing that crystallization is a process
strictly related to the chemical etching of the lead borate
glass in alkaline solution. The DLW produces channels
which works as micro-reactors, accelerating the crystal
growth in the irradiated regions and consequently provid-
ing the architecture of micro-crystals. Other methods that re-
sult in controlled surface structuring, such as plasma or ion

beam etching, would also lead to the architectural control of
crystals. However, direct laser writing with fs-laser is advanta-
geous for enabling material processing at the microscale un-
der atmospheric conditions, giving rise to a fast and low-cost
method.

Conclusions

We demonstrate the spatial control of surface crystallization
of lead borate glass, in which the lead oxide and lead oxide
hydrated phases are grown in shape of sheets and octahedral
microcrystals, respectively. Such morphologies correspond to
the structure of the respective compounds, described by
layers of PbO units in the former case (β-PbO) and an octahe-
dron of lead atoms containing a cube of oxygen atoms for
the latter one (3PbO·H2O). Although both phases are crystal-
lized from the glass matrix using only etching in alkaline so-
lution, direct laser writing has enabled the architecture of the
microcrystals to be controlled by providing a supersaturated
solution of lead ions within the laser ablated grooves, which
favors the crystal growth process. Thus, by using femtosec-
ond laser micromachining followed by chemical etching, it is
possible not only to control the phase transformation at the
micrometer scale, but also to produce a polycrystalline 2D
pattern, as well as isolated microcrystals, being an interesting
step towards the development of advanced glass-ceramics.
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